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Continuous Monitoring of Sonomyography,
Electromyography and Torque Generated by Normal
Upper Arm Muscles During Isometric Contraction:
Sonomyography Assessment for Arm Muscles
Jun Shi, Yong-Ping Zheng*, Senior Member, IEEE, Qing-Hua Huang, Member, IEEE, and Xin Chen
Abstract—The aim of this study is to demonstrate the feasibility
of using the continuous signals about the thickness and pennation
angle changes of muscles detected in real-time from ultrasound im-
ages, named as sonomyography (SMG), to characterize muscles
under isometric contraction, along with synchronized surface elec-
tromyography (EMG) and generated torque signals. The right bi-
ceps brachii muscles of seven normal young adult subjects were
tested. We observed that exponential functions could well represent
the relationships between the normalized EMG root-mean-square
(RMS) and the torque, the RMS and the muscle deformation SMG,
and the RMS and the pennation angle SMG for the data of the
contraction phase, with exponent coefficients of 0 0341 0 0148
(Mean SD), 0 0619 0 0273, and 0 0266 0 0076, respec-
tively. In addition, the preliminary results also demonstrated linear
relationships between the normalized torque and the muscle defor-
mation as well as the pennation angle with the ratios of 9 79
3 01 and 2 02 0 53, respectively. The overall mean R2 for the
regressions was approximately 0.9 and the overall mean relative
root mean square error (RRMSE) smaller than 15%. The poten-
tial values of SMG together with EMG to provide a more compre-
hensive assessment for the muscle functions should be further in-
vestigated with more subjects and more muscle groups.
Index Terms—Electromyography, EMG, muscle, pennation
angle, SMG, sonomyography, ultrasound.
I. INTRODUCTION
ULTRASOUND and surface electromyography (EMG) aretwo of the most commonly used approaches for the assess-
ment of skeletal muscles in vivo and can provide muscle archi-
tectural and electrophysiological features, respectively. Many
studies have been previously reported on the relationships be-
tween the surface EMG and muscle force [1], [2], length [2], and
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action-potential conduction velocity [3]–[5], etc. On the other
hand, sonography, i.e., ultrasound imaging, has been widely
used to assess human muscles in both static and dynamic con-
ditions. In recent years, sonography has been employed to mea-
sure the changes in muscle thickness [6]–[8], fiber pennation
angle [9]–[13], fascicle length [6], [9]–[13], dimension [14], and
cross-sectional area [9], [15] during isometric and dynamic con-
tractions. Since these architectural parameters change obviously
with contraction, they could potentially provide a noninvasive
method of recording activities from deep muscles without the
complication of the cross-talk from adjacent muscles suffered
in the EMG analysis [7]. More recently, some studies have been
reported on the relationship between the EMG activity and the
muscle architectural parameters extracted from sonography in
quasi-static ways [7], [13], [16], [17]. It has been demonstrated
in literature that the architectural and EMG parameters can pro-
vide complementary information for muscle assessment. How-
ever, few study reported continuous collection of ultrasound,
EMG and other parameters simultaneously in real-time. EMG
signals were usually sampled firstly under a certain muscle con-
traction level, and ultrasound images were then collected at the
same condition, but not simultaneously. Some recent studies
have reported the continuous monitoring of EMG and ultra-
sound images of muscles [13], but the two data streams were
independently collected and the data analysis and synchroniza-
tion had to be performed off-line. Ultrasound has also been used
to measure muscle stiffness changes during isometric contrac-
tion by monitoring the change of sound speed in the muscle, ear-
lier in vitro [18], [19] and recently in vivo [20]. Since the muscle
stiffness change is directly related to its deformation, the stiff-
ness monitoring techniques show potentials for the muscle as-
sessment. However, current in vivo stiffness measurement tech-
niques cannot provide continuous measurement yet.
The aim of this study is to demonstrate the feasibility of
continuous monitoring of muscle thickness and pennation angle
changes under isometric contractions using real-time ultrasound
images. These real-time changes of muscle architectures were
named as sonomyography (SMG), and they were used to eval-
uate muscle contractions together with synchronized surface
electromyography (EMG) and generated torque signals. We
continuously collected sonography, torque, and EMG signals
simultaneously from the right biceps brachii during the flexion
of the elbow from seven young adult subjects. The correlations
among different signals were studied.
0018-9294/$25.00 © 2008 IEEE
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Fig. 1. Experimental setup for the measurement of muscle isometric contraction with ultrasound imaging and EMG. The area labeled with the small rectangle is
magnified in the upper-left corner.
II. METHODS
A. Subjects
Seven healthy male subjects participated to this study
(age: years; height: cm; weight: kg). None
of them had any history of neuromuscular disorder and each
gave written informed consent prior to the experiment.
B. Experimental Protocol
The subject was seated comfortably in the adjustable chair
of a Cybex machine (Cybex Norm Testing & Rehabilitation
System, Cybex Norm Int. Inc., Ronkonkoma, USA) with his
trunk fixed by a strap onto the chair back to stabilize the pos-
ture during the test. The forearm was placed and fixed on a
holder and the hand was connected to grip a vertical lever arm.
The upper arm and forearm were kept in a horizontal plane par-
allel to ground floor. The elbow was flexed at 90 and the upper
arm kept perpendicular to the trunk. The axis of the lever arm
was mounted to be parallel to the rotational axis of the elbow
joint. The hand maintained in the halfway between pronation
and supination. The right arm was chosen for the measurement,
which was the dominant one for all subjects. Fig. 1 shows the
experimental setup.
After several familiarization contractions with a mild
strength, the subject was asked to perform an elbow flexion
against the lever arm and to increase the contraction gradually
to the maximal contraction within approximately 5 s and then
to relax gradually. We found that the subject could contract the
muscles smoothly using this contraction rate and the muscle de-
formation could be successfully detected using the ultrasound
images. All the subjects were instructed to follow the same
contraction rate. The increase of the contraction was indicated
by the increase of the torque, which was shown on the PC
screen and could be monitored by the subject and the operator
during the experiment. Three repeated voluntary contractions
were performed continuously within each trial and totally three
trials were performed with a rest of 5 min after each trial. The
maximal torque value recorded during each trial was considered
as the maximal voluntary contractions (MVC), which was used
for the normalization for the data of this trial.
C. Data Acquisition
A dynamometer (Cybex Norm Testing & Rehabilitation
System, Cybex Norm Int. Inc., Ronkonkoma, USA) was used
to measure the elbow flexion torques. The torque signal from
the dynamometer was amplified by a custom-made amplifier
and digitized by a data acquisition card (NI PCI-6024E, Na-
tional Instruments, Austin, USA) installed in the PC, where it
was synchronized with the ultrasound images and EMG signals
using a custom-designed program.
The sonography of the cross-sectional area of the biceps
brachii was recorded using a portable B-mode ultrasound
scanner (180 Plus, Sonosite Inc., Washington, USA) with a
7.5 MHz 38 mm linear probe (L38, Sonosite Inc., Washington,
USA). The probe was fixed using a custom-made bracket. It was
perpendicular to the skin surface of the biceps brachii region
and its image plane was arranged vertically to the orientation
of the biceps brachii muscle. To detect the brachialis pennation
angle, another test was conducted with the probe arranged
parallel to the long axis of the biceps brachii and near the elbow
joint. There was a gap between the probe surface and the skin
surface to avoid any compression on the tissue during the whole
muscle contraction period. Hence, the change of the muscle
thickness was only due to muscle contraction. The gap was
filled with ultrasound gel to maintain acoustic coupling during
the test. An operator took in charge of adding gel into the gap
if necessary during the test, in order to maintain the acoustic
coupling. The video output of B-mode ultrasound scanner was
SHI et al.: CONTINUOUS MONITORING OF SONOMYOGRAPHY, ELECTROMYOGRAPHY AND TORQUE GENERATED BY NORMAL UPPER ARM MUSCLES 1193
digitized by a video capturing card (NI PCI-1411, National
Instruments, Austin, USA) with a rate of 8 frames per second.
The images were saved frame by frame and synchronized with
other signals for subsequent analysis.
After cleaning the skin with alcohol, a pair of EMG bipolar
Ag-Agcl electrodes (Axon Systems, Inc., New York, USA) was
placed between the transducer and the elbow joint and along the
orientation of the biceps brachii muscle. The distance between
the two electrodes was 20 mm. The EMG reference electrode
was placed on the proximal head of the ulna. The EMG signal
was amplified and filtered by a custom-made device with a gain
of 10 and bandwidth of 10–800 Hz before being digitized by the
A/D card (NI PCI-6024E National Instruments, Austin, USA),
and an additional gain of 10 was provided by the data acquisition
card. The sample rate for EMG data collection was 4 kHz, which
allowed us to collect the full bandwidth of EMG signals and has
been widely used in the literature. From the spectrum analysis of
the EMG signals using FFT, the adopted sampling rate appeared
appropriate.
The data acquisition was controlled by the custom-developed
software for the ultrasonic measurement of motion and elas-
ticity (UMME) developed using Microsoft Visual C++ 6.0. Mul-
tithread technology was applied in UMME software to insure
the synchronization among the ultrasound image, torque, and
EMG. Ultrasound images were sampled frame by frame, and
each frame was accompanied by an EMG epoch of 125 ms and
a torque value. Each epoch of EMG contained 500 data points.
The temporal calibration between the data streams of ultrasound
images and other analog signals were achieved by moving the
ultrasound probe in a water tank [21]. The positional change
of the ultrasound probe also caused the alteration of the analog
signals. The time lags between the analog signals and the signal
representing the probe positional change, obtained by tracking
the position of the water tank bottom in the ultrasound images,
were calculated using cross-correlation matching and used for
the temporal matching for the image frames and signal data
points.
D. Data Analysis
All the ultrasound, EMG and torque signals were viewed
on the same screen during data collection and processed
off-line with the UMME software and another program written
in MATLAB (Version 6.5, MathWorks, Inc., Massachusetts,
USA). The root mean square (RMS) of the EMG amplitude was
calculated for each epoch, containing 500 data points, using
the MATLAB program. The ultrasound images were imported
to UMME software and replayed frame by frame to measure
muscle thickness and fiber pennation angle.
Among all kinds of image tracking algorithms, the correla-
tion tracking has some advantages, including the tolerance for
low signal noise ratio and the ability to track targets with com-
plex structures and backgrounds [18], [23]. The cross-corre-
lation tracking algorithm acquires a reference image or tem-
plate from the previous frame and looks for the most similar
area to the reference image or template for estimating the ob-
ject position in the current frame [18], [24]. Two rectangular re-
gion-of-interest (ROI) were selected along the upper and lower
boundaries of the biceps brachii manually in the first image
Fig. 2. Motion tracking for the ultrasound images using a two-dimensional
cross-correlation algorithm. (a) The image taken at the moment before contrac-
tion and (b) the image taken when the torque reached MVC. Two rectangular
ROIs were selected on the upper and lower boundaries of the cross-sectional
image of biceps brachii, respectively.
frame (Fig. 2), and the pixels in these two ROIs were regarded
as two templates, which were individually tracked during the
muscle contraction. Because the biceps brachii is attached to
the humerus, we selected the surface of humerus as the lower
boundaries of biceps brachii. The criteria for selecting the loca-
tions of the rectangular ROIs were that they should be placed
at the regions with the most clearly visualized upper and lower
boundaries in the image and their centers were located at ap-
proximately the highest points of the upper and lower bound-
aries, respectively (Fig. 2). Fig. 2(a) was taken at the moment be-
fore contraction and Fig. 2(b) at the moment reaching the MVC.
The image tracking algorithm based on the 2D cross-corre-
lation was implemented in UMME software to track the move-
ment of each selected rectangular ROI frame by frame in both
vertical and horizontal directions [8]. The best matching po-
sition was where the cross-correlation coefficient ( ) reached
the maximum value. When finishing matching for the current
frame, the templates were updated by the pixels in the rectan-
gular ROIs which were in the new positions. Thus the templates
only needed to be manually set in the first frame and the tracking
would run down till the last frame automatically. The displace-
ments of the two tracking rectangular ROIs were continuously
obtained through this process. The distance between the centers
of the two ROIs was calculated for each frame, which repre-
sented the muscle thickness measured in each frame. The per-
centage deformation of the muscle dimension was defined as
(1)
where is the initial muscle thickness, and is the muscle
thickness of each frame.
The brachialis pennation angle was calculated as the angle
between the humeral surface and the most clearly visualized
fascicle [7], which was shown in Fig. 3. Fig. 3(a) was taken at
the moment before contraction and Fig. 3(b) was at the moment
reaching the MVC. The reliability of the pennation angle mea-
surement using this approach has been previously demonstrated
to be high [25]. The percentage change of the pennation angle
was defined as
(2)
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Fig. 3. Pennation angle of brachialis in ultrasound images. The angle between
two black lines is the pennation angle. (a) The image taken at the moment before
contraction and (b) the image taken when the torque reached MVC.
where is the initial pennation angle, and is the pennation
angle measured in each frame.
The correlations among the torque, EMG RMS, muscle de-
formation, and pennation angle change were investigated using
different regression methods. Each contraction-relaxation cycle
of each trial was analyzed individually. Only the data of the con-
traction phases were analyzed for all the tests, as it was reported
that the muscle contraction was difficult to control during the
relaxation phase [7]. For each trial, the torque was normalized
by its value at MVC, the EMG RMS normalized by its value
at MVC, and the muscle deformation normalized by the initial
muscle thickness. Two-factor ANOVA was used to test the sig-
nificance of the differences of the results obtained among dif-
ferent trials and among different subjects. The two factors were
the subject and contraction trail and were arranged as the row
and column factors, respectively. Each subject-trial pair con-
tained the parameters extracted from three repeated cycles. In
order to evaluate the result of the regression between parame-
ters, the square of the correlation coefficient ( ) and the rela-
tive root mean square error (RRMSE) were calculated for each
regression. The RRMSE is defined as follows [26]:
RRMSE (3)
where represents the measured values of the parameter, and
are the calculated values using the selected regression. The
and RRMSE values of individual subjects and their means
were reported.
III. RESULTS
A. Relationships Among Torque, EMG RMS, and Muscle
Deformation
Fig. 4(a) shows a typical data set of the normalized torque
and EMG RMS for one subject. The corresponding relationship
between the torque and RMS data in the contraction phase is
shown in Fig. 4(b). The results of other subjects showed similar
trends. The observed nonlinear relationship between the torque
and the RMS of EMG was consistent with the results previously
reported [27], [28]. It was found that an exponential function
Fig. 4. Typical relationships between the normalized torque, EMG RMS and
muscle deformation during one cycle of contraction process. (a) The torque
and RMS signals. (b) Exponential regression between the torque and RMS.
(c) The muscle deformation and RMS. (d) The exponential regression between
the muscle deformation and RMS. (e) Torque and muscle deformation. (f) The
linear regression between the torque and muscle deformation.
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TABLE I
SUMMARY OF THE COEFFICIENTS OF THE REGRESSIONS AMONG THE TORQUE,
EMG RMS, MUSCLE DEFORMATION, AND PENNATION ANGLE
shown in (4) could well represent the relationship between the
normalized torque and EMG RMS.
(4)
where is the normalized torque, is the normalized RMS
value, is the asymptotic value of when is large enough,
and the exponent coefficient determines the curvature of
the relationship. The constants and were determined with
Sigmaplot software (SPSS Science, Chicago, Illinois).
Fig. 4(c) and (d) show the relationship of the EMG RMS and
the muscle deformation for the same test as shown in Fig. 4(a).
Exponential relationships between the EMG RMS and the
muscle deformation were observed in the results of all the
subjects. This finding was consistent with the results previously
reported [7]. Equation (4) was used for the regressions, where
the variable represented the normalized muscle deformation.
It was found that the relationship between the torque and the
muscle deformation could be well represented by a linear
regression, which is shown in Fig. 4(e) and (f).
Table I summarizes the results of the regressions among
the normalized torque, muscle deformation, and EMG RMS
of different subjects. The means of exponent coefficients of
the exponential regressions between the RMS and the torque
and between the muscle deformation and the RMS were
(Mean SD) and , respec-
tively. The mean ratio of the linear regression between the
torque and muscle deformation was . Two-factor
ANOVA demonstrated that there were significant ( )
differences in the exponent coefficient of the exponential regres-
sions and in the ratio of the linear regressions among the seven
subjects but not among the three trials ( ). The mean
and RRMSE values of the regressions between the torque
and RMS, between the muscle deformation and RMS, and be-
tween the torque and muscle deformation were
and , and , and
and , respectively.
B. Relationships Among Pennation Angle, EMG RMS, and
Torque
It was found that the relationship between the pennation
angle change and the EMG RMS was obviously nonlinear
[Fig. 5(a) and (b)], while that between the pennation angle
and the torque was linear [Fig. 5(c) and (d)]. The results of all
subjects showed similar trends. Using the exponential function
shown in (5) to represent the relationship between the EMG
RMS and the pennation angle, the overall mean of the exponent
coefficients of the correlation was (Table I).
Using linear regressions, the mean ratio between the torque
and the pennation angle change was . The mean
and RRMSE values of the exponential and linear regressions
were and , and
and , respectively. Two-factor ANOVA did not
demonstrate a significant difference of both parameters among
the 3 trials ( ). A significant ( ) difference
was demonstrated for the ratio of the linear regression among
the 7 subjects, but not for the exponent coefficient ( ).
IV. DISCUSSION
In this paper, we described a method to simultaneously col-
lect the EMG signals, torque and ultrasound images of the bi-
ceps brachii muscle during the continuous isometric contrac-
tion. The real-time architectural changes of the muscle including
the muscle deformation and pennation angle were detected from
ultrasound images and these signals were named as sonomyog-
raphy (SMG). The results of the contraction phase showed ex-
ponential relationships between the normalized EMG RMS and
the normalized torque, the normalized RMS and the muscle de-
formation SMG, and the RMS and the pennation angle SMG.
There were linear relationships between the torque and muscle
deformation as well as between the torque and pennation angle.
We have not analyzed the data for the relaxation phase of
the contraction cycle in this study. It was noted that the sub-
jects could easily increase the torque gradually to the MVC
within 5 s during the contraction phase, but could not reduce the
torque smoothly. This made the data of torque reducing phases
having complicated patterns and difficult to analyze. In spite of
that, we observed some interesting phenomena in the data of
the full contraction cycle, including the hysteresis in the curves
of torque-deformation, EMG RMS-deformation, torque-penna-
tion angle, EMG RMS-pennation angle relationships. To allow
subjects conducting smooth torque reducing, we should use a
higher contraction-relaxation rate. However, this is limited by
the relatively low frame rate (8 Hz) of the present system. By
testing gastrocnemius muscles invasively, Orizio et al. [29] re-
ported the hysteresis of the curve between the muscle force and
deformation, which was measured using a laser distance sensor.
They also reported that the muscle deformation rate tended to
be lower during the relaxation phase in comparison with that
in the contraction phase. Similar phenomenon was observed in
our study, such as the results shown Fig. 4(e), though it had not
been obtained from all the subjects due to the reason explained
above. Future studies using higher frame rate are required to
investigate temporal relationships among the signals of muscle
deformation, pennation angle change, and EMG RMS under dif-
ferent muscle contraction rates.
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Fig. 5. Typical relationships between the torque, EMG RMS and brachialis
pennation angle. (a) The pennation angle and RMS. (b) The exponential regres-
sion between the pennation angle and RMS. (c) The torque and pennation angle.
(d) The linear regression between the torque and pennation angle.
Our results demonstrated exponential relationships between
the EMG RMS and the torque, the RMS and the muscle defor-
mation, and the RMS and the pennation angle for the biceps in
the contraction phase. These results were consistent with those
previously reported [7], [27], [28]. It was further demonstrated
that there was a linear relationship between the torque and the
muscle deformation during the contraction phase and a sim-
ilar linear relationship was found between the torque and the
muscle pennation angle change. Our results appeared to imply
that there was a better linear relationship between the architec-
tural changes of the muscle and the generated torque, which
is related to the muscle force. Further studies with more sub-
jects should be followed to consolidate these findings. Since the
muscle fiber length can be derived from the pennation angle,
muscle thickness, and location of the aponeurosis shown in the
ultrasound image [30], future studies could also be followed
to investigate the relationships among the muscle fiber length,
torque and parameters of EMG noninvasively.
The relationship between the muscle architectures and its
functional capabilities has recently attracted many research
efforts [31]. The results of this study appear to imply that the
architectural changes during muscle contraction relate more
directly to the actuation achieved (mechanical output), while
the EMG is a measure of activation intended (electrical input).
Similar findings had been reported in a study using SMG for
muscle fatigue assessment [32]. The complementary informa-
tion provided by SMG and EMG may form a comprehensive
assessment of muscle contractions. Furthermore, another
signal about muscle contraction, named as mechanomyogram
(MMG), has also been widely investigated recently. MMS is
a measure of vibration of muscle fibers during contraction.
Further studies to simultaneously collect EMG, MMG and
SMG are currently being conducted. We believe that the com-
bined information can provide a better understanding of muscle
contraction mechanism and its relationships with various
pathological conditions.
V. CONCLUSION
We investigated the contractile process of the biceps brachii
with continuously sampled ultrasound image, torque, and EMG.
The results showed that there were exponential relationships
between the torque and the RMS of EMG, and between the
RMS and muscle deformation SMG as well as the pennation
angle SMG, but a linear relationship between the torque and the
muscle deformation as well as the pennation angle change. The
underlying mechanism for such relationships requires further
investigations. Future studies are also necessary to investigate
the parameters obtained in the relaxation phase of the muscle
contraction cycles with a higher frame rate for the data collec-
tion. Our results suggested that the sonomyography signals, i.e.,
the muscle deformation and pennation angle change detected
using ultrasound, could potentially provide complementary in-
formation for the muscle assessment together with the widely
used parameters including EMG and torque signals, such as
during muscle fatigue analysis, electrical stimulation, and anal-
ysis of muscle atrophy.
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